Through use of a new X-ray Absorption Spectroscopy (XAS) calibration for Fe 3 + analysis in silicate glasses, the first direct measurements of ferric iron in natural lunar picritic glasses are presented. Lunar glass beads from the Apollo sample collection contain up to 60.0% Fe 3 + . No correlation with melt chemical properties, such as Mg# or weight % TiO 2 , or physical properties, such as bead diameter, was observed. Fe 3 + / Fe is negatively correlated with NBO/T. These elevated Fe 3 + / Fe values reflect eruption and posteruption oxidation due to magmatic degassing of H or OH. Glass beads observed to be zoned to lower Fe 3 + / Fe rims may represent a subsequent reduction in the lunar vacuum prior to cooling through the glass transition temperature.
Introduction
Oxygen is the most abundant element in solids of the solar system, and is variable in abundance and isotopic composition (e.g., Mittlefehldt et al., 2008 ) . Because oxygen abundance is difficult to measure quantitatively through direct methods, it can best be evaluated through analysis of multivalent elements, which record oxygen chemical potential and are quantified using the parameter of oxygen fugacity ( f O2 ). The prevailing f O2 of an igneous system constrains phase equilibria and affects both the crystallization processes of melts and the composition of the resulting crystalline, melt and gas phases (e.g., Eugster, 1957; Eugster and Wones, 1962; Frost and Lindsley, 1991; Wetzel et al., 2013 ) . Additionally, f O2 also exerts control on the partitioning of elements between the for accurate XAS measurements of glasses ( McCanta et al., 2015; Dyar et al., 2016 ) with accuracies of ±3.6% for %Fe 3 + . We apply that calibration here to analyses of glass Fe 3 + contents from multiple lunar glass bead samples of volcanic origin, including samples from Apollo 11 (A10084), 14 (A14148), 15 (A15427, A15081), and 17 (A74220, A76501). The presence of measureable Fe 3 + has important implications for interpreting mechanisms of lunar glass bead eruption as well as for our understanding of the lunar interior.
Analytical methods

Glass standardization
A series of 33 geologically-relevant glasses (basalt to rhyolite) was synthesized for use as XAS standards ( Dyar et al., 2016 ) . Experimental runs were conducted in a 1-atm gas mixing furnace using the Pt ( f O2 ≥ quartz-fayalite-magnetite buffer [QFM] ) or Re ( f O2 < QFM) wire-loop technique or Mo-foil inside evacuated Si-glass tubes ( f O2 < QFM, highest SiO 2 samples; O'Neill, 1996 ) . Each composition was equilibrated at several different f O2 conditions (air, magnetite-hematite [MH] , QFM, Mo-MoO 2 , or iron-wüstite [IW] ) through use of either gas mixing or solid buffer assemblages. Compositions were selected to be representative of a wide range of naturally-occurring glasses. Samples were then prepared for Möss-bauer and XAS analyses. Mössbauer spectra were acquired in the Mineral Spectroscopy Lab at Mt. Holyoke College under standard conditions, and "true" Fe 3 + contents of the samples were confirmed from peak areas in those spectra. Mössbauer data on all samples used in the calibration are given in the supplement to this current paper (Supplementary Table 1) .
Fe-XAS analyses were performed on the quenched glasses at Brookhaven National Lab (BNL) beamline X26A and the Advanced Photon Source (APS) GSECARS beamline; no differences were observed between facilities ( Dyar et al., 2016 ) . XAS spectra were collected in fluorescence mode using a 9-element high-purity Ge solid-state detector array. Acquisition parameters varied between sessions, but the structure of the Fe K absorption edge was scanned at a sampling resolution of at least 5.0 eV from 7020 to 7105 eV, 0.1 eV from 7105 to 7118 eV, 0.5 eV from 7118 to 7140 eV, and 1.0 eV from 7140 to 7220 eV. The maximum energy of the scan was chosen empirically to avoid any significant remaining oscillations in the absorption spectra to achieve reasonable edge-step normalization. Multiple methods of data pre-processing and multivariate techniques were tested to optimize XAS Fe 3 + measurements using both the Fe pre-edge in the Fe XANES data ca. 7115 eV and the entire K-edge spectrum from 7090 to 7210 eV; effects of edge-step normalization and correction for over-absorption were also evaluated.
Multivariate prediction models were built from Mössbauer and XAS results using the open-source machine learning Python library Scikit-learn ( Pedregosa et al., 2011 ) , which was used to train and test partial least squares (PLS: projection to latent structures), lasso (least absolute shrinkage and selection operator), and SVR (support vector regression) models. Scikit-learn uses the open-source applications LIBLINEAR ( Fan et al., 2008 ) and LIBSVM ( Chang and Lin, 2011 ) for its linear and polynomial SVR models, respectively.
We tested both PLS and lasso models, which are fundamentally based on the familiar expression for multiple linear regression of the form:
where Y is the %Fe 3 + , β 0 is the regression coefficient for the intercept, and the β i values are regression coefficients for predictor variables 1 through n . In XAS, there are many predictor variables, which are the input X values (i.e., matrix of intensity values at each of 6144 channels representing wavelength) and relatively few samples (rows of X matrix). PLS is a specialized form of principal components analysis in which the regression equation is shrunken by creating hybrid channels that are linear combinations of original channels. Multidimensional space is projected onto a smaller vector space using the variance of X and the relationship between the predictor and response variables. PLS creates a new matrix in the smaller vector space of dimension k and uses it for regression. Directions in that new vector space are ortho-normal, removing collinearity that inhibits ordinary least squares regression on the original X matrix.
Alternatively, lasso regression shrinks this expression by reducing the number of terms implicitly. It does not use projection, but instead constrains values of the correlation coefficients ( β values) in a multiple linear regression ( Eq. (1) ) using the original data matrix X . The absolute value of the sum of the β values is constrained to be less than some boundary value t (the lasso's model parameter, analogous to k, the number of dimensions in the smaller PLS vector space). The model weighs the importance of each channel to the prediction; unimportant channels are driven to β values = 0 by the optimization process.
PLS uses every channel of data, even those that are noisy and may have an adverse effect on the results. The lasso removes channels that are judged to be less informative, omitting them from the regression equation altogether in an iterative process. The lasso is thus more robust against noise than PLS, and produces a sparser model (i.e., one that has fewer non-zero coefficients).
As reported in McCanta et al. (2015) and Dyar et al. (2016) , we compared results from two different multivariate techniques: PLS and the lasso. Significance tests show that the lasso provides significantly better results than PLS ( Dyar et al., 2016 ) . The resultant optimal errors for predictions of %Fe 3 + from the best lasso models are ±3.6% (absolute), comparable to errors associated with Möss-bauer measurements of %Fe 3 + ( ±1-3% in system where recoil-free fractions can be constrained, 2-4% where they are unknown, as is the case for glasses). Thus lasso models were used in this paper to measure Fe 3 + in lunar samples.
Lunar glass analyses
Lunar glass beads collected during Apollo missions 11, 14, 15, and 17 were studied by XAS using a beam size ∼2-5 μm at BNL and APS under the same conditions as those of the glass standards described above. Fe 3 + contents of lunar glasses were determined using the lasso model trained on the calibration standards ( Fig. 1 ; Dyar et al., 2016 ) . Major element compositions of the same locations on each bead were analyzed on the Cameca SX-100 electron microprobe at Brown University ( Table 1 ) . Glass analyses were obtained using a 15 kV acceleration voltage, 10 nA beam current, and a defocused 5-15 μm beam. A correction for sodium loss during analysis was made using the online correction scheme and method of Nielsen and Sigurdsson (1981) . Natural mineral standards were used for calibration.
Results
Samples A10084, A14148, A15081, and A76501 are particulate soil samples consisting of a mix of holohyaline glass beads, agglutinates, and mineral grains. The glass beads selected from these samples were homogenous with respect to major elements with compositions ranging from very low Ti (VLT) green glass (14148G, 15081G) to low Ti yellow glass (14148Y, 15081Y) to orange glass (10084O, 76501O) ( Table 1 ) . No partially crystalline samples were analyzed in these samples.
Sample A74220 consists of a thin section of hand-picked spherules (picked by M. Rutherford; see Weitz et al., (1997) for a complete description). The section was composed of holohyaline and partially crystalline orange glass beads; partially crystalline beads comprised the bulk of the sample of A74220 that we analyzed. The orange glass is of a high-Ti picritic composition, and the holohyaline beads are homogenous in terms of major element composition ( Table 1 ). The glasses in the partially crystalline beads show the effect of minor olivine fractionation relative to the A74220 average ( Table 1 ; Delano, 1986 ) . Metal blebs, as observed by Weitz et al., (1997) , were observed in only one analyzed glass bead in this study.
Sample A15427 is a breccia thin section with abundant holohyaline green glass beads. The analyzed glass composition was primarily VLT green glass, although a single higher Ti yellow glass bead was analyzed ( Table 1 ). The analyzed beads exhibited no inbead heterogeneity in their major element chemistry, although it is well documented ( Delano, 1979; Steele et al., 1991 ) that there are several compositional variants (7 groups) of green glass in the A15 samples. Beads analyzed in this study appear to be mostly of the Group A type. No partially crystalline samples were analyzed in this sample.
Fe 3 + / Fe results
Partially crystalline glass beads
Crystalline glass beads were only observed in sample A74220. The partially crystalline glass beads in A74220 were divided into two categories: highly crystalline ( Fig. 2 A) and half crystalline (bead contains a crystallized portion and a glassy portion: Fig. 2 B) . Six highly crystalline and two half-crystalline beads were analyzed in A74220. Melt pools analyzed in the highly crystalline beads exhibited a wide range of redox values (%Fe 3 + = 8.3-60.0: Table 2 ). Analyses in the glassy portions of the half crystalline beads had both significantly lower and smaller ranges of Fe 3 + / Fe concentrations than observed in the highly crystalline beads ( Table 2 ) . One half-crystalline glass showed increased Fe 3 + / Fe toward the edge of the bead ( Fig. 2 B) ; the other showed a decrease. 
Numbers in parentheses represent 1 standard deviation from the mean. NA = not applicable.
Holohyaline glass beads
The two holohyaline beads analyzed in A74220 had lower measured Fe 3 + / Fe values than the crystalline beads in the same thin section (average %Fe 3 + = 10.7; Table 2 ). The only other sample to exhibit such uniformly low Fe 3 + / Fe values was A15427 (average %Fe 3 + = 6.4). Beads exhibit both increasing and decreasing Fe 3 + / Fe from core to edge ( Fig. 2 C; Table 2 ), however, many analyses were within the margin of analytical error ( ±4% Fe 3 + ) suggesting sample Fe 3 + homogeneity at this scale.
Holohyaline beads in A10084, A14148, A15081, and A76501 all exhibited Fe 3 + / Fe values that were 3 to 5 times higher than recorded in A15427 ( Table 2 ). Average core %Fe 3 + values ranged from 20.5 (A10084) to 35.6 (A15081). Core-to-edge decreases in Fe 3 + / Fe were observed in A14148, A15081, and A76501 (Figs. 2D,E), although the differences were within the margin of analytical error for 4/5 and 2/3 of beads in A14148 and A15081, respectively, indicating compositional homogeneity. Core to edge traverses in A10084, where the core ferric/ferrous ratio is low as in A74220, indicate an increase in Fe 3 + / Fe values in 3 out of 5 beads studied ( Fig. 2 F) . This is in contrast to the rimward decrease in this ratio in A14148, A15081, and A76501 where the cores all have among the highest ferric iron. Additionally, we note that the A76501 bead composition is identical to the A74220 sample, but the latter has a much lower ferric ratio in the cores of holohyaline beads.
Fe 3 + / Fe values are not correlated with major element chemistry, bead diameter, or melt physical properties (e.g., Fig. 3 A) . A negative correlation between the melt non-bridging oxygens to tetrahedral cations (NBO/T), a measure of the average degree of polymerization of a melt (0 = fully polymerized; 4 = fully depolymerized: Kohn and Schofield, 1994 ) , is observed ( Fig. 3 B) . This is expected as Fe 3 + is considered to behave as a network-forming cation thereby increasing melt polymerization (decreasing NBO/T) with increasing Fe 3 + / Fe.
Discussion
Reports of Fe 3 + in lunar materials, both glasses ( Dyar and Consolmagno, 1982 ) and minerals ( Schürmann and Hafner, 1972; Niebuhr et al., 1973 ) , have been reported for decades. However, Core/edge designation is given to holohyaline and partially crystalline beads which were analyzed during traverses. Only the most interior core analysis and exterior rim ananlysis are reported. In highly crystalline beads individual glass pools were analyzed and no distinctions between core and edge were denoted.
there is extensive evidence that the lunar interior f O2 is ∼IW-1 ( Sato, 1976; Weitz et al., 1997; Nicholis and Rutherford, 2009 ), a region where significant Fe 3 + is not expected to be present. Other recent studies indicate the Moon is not as dry as previously thought (e.g., Saal et al., 2008; McCubbin et al., 2010; Hui et al., 2013; Barnes et al., 2014; Füri et al., 2014; Hauri et al., 2015a ) . Therefore, the presence of Fe 3 + in lunar glasses may well be related to the oxidizing potential of the newly recognized H 2 O in the lunar interior. The range of Fe 3 + contents observed in the glasses may result from degassing processes during magma ascent. Previous theories on lunar fire fountain eruptions suggested that graphite in the melt scavenged oxygen from metal oxides to produce CO gas during ascent from the lunar interior ( Sato, 1979; Fogel and Rutherford, 1995; Rutherford and Papale, 2009 ). This occurred as decreasing pressure stabilized CO over graphite. Production of CO gas therefore resulted in the reduction of metal oxides. Reduced FeNiCometal blebs have been observed in many lunar glass beads (e.g., Weitz et al., 1997 ) .
It is still possible that some graphitic C was carried by the ascending picritic magmas; however, recent experiments show that this is not necessary ( Wetzel et al., 2013 ). With 100 s to 10 0 0 ppm H present, Wetzel et al., (2013) found that CO is dissolved as Fecarbonyl in a C-saturated picritic melt at IW-1.0 and pressures up to 10 0 0 MPa. This conclusion has recently been modified by results ( Yoshioka et al., 2015 ) showing that CO is dissolved as variously coordinated CO, not as Fe-carbonyl, although the CO-solubility data remains unchanged. Because C and H decrease with decreasing pressure, the first lunar gas phase would have been formed as CO saturation was exceeded in a rising magma. This hypothesis has been confirmed through analyses of melt inclusions in orange glass olivine crystals which show concomitant decreases in C and S with H and whose volatile concentrations trend toward the low volatiles measured in associated glass beads ( Hauri et al., 2011 ) . It appears that an A17 orange glass magma would produce a COrich gas phase (0.01 mol fraction H 2 O) deep (17 km) in the lunar crust ( Wetzel et al., 2015 ) . This gas phase probably originated even deeper ( ∼50 km) based on the volume of the gas bubbles measured in several of the melt inclusions ( Wetzel et al., 2015 ) .
Fe-rich metal blebs, trapped in orange glass olivine crystals along with the above referenced melt inclusions ( Fogel and Rutherford, 1995; Weitz et al., 1997 ) , are homogeneous Fe 85 Ni 14 Co 1 and are thought to have been produced by oxidation of reduced C carried in the magma. Although this is still a viable explanation, evidence for reduced C in the picritic magmas beyond that dissolved as CO is lacking. A reduction of FeO in the melt seems required to form the original metal grains. In contrast, similar metal blebs found in A74220 glass show strong zoning to Ni-rich rims ( Weitz et al., 1997 ) , indicating an oxidation event late in the ascent process. This oxidation took place after the olivine phenocryst growth stage, identified as occurring from 4 to 0.5 km depth below the lunar surface ( Fig. 4 ; Wetzel et al., 2015 ) . Beginning at 2 MPa or about 0.5 km depth, the ascending orange glass magma began to rapidly lose the nearly 10 0 0 ppm dissolved H 2 O as well as much of the 650 ppm dissolved S observed in olivine-hosted melt inclusions ( Fig. 4 ) . Perhaps this degassing oxidized the remaining melt (and metal) as volatile cations coordinated with O in the melt entered the gas, leaving excess O in the melt ( Weitz et al., 1997 ) . Kinetic degassing of glass beads after near-surface fragmentation (beadformation) is indicated by different diffusion-loss profiles and is especially high for H ( Saal et al., 2008 ) . If H was lost by diffusion of a H 2 , OH, or H 2 O dissolved species , oxidation would result.
Therefore, it appears that two different degassing processes occurred within the lunar magmas studied here: 1) the initial formation of a CO-rich gas, samples of which were trapped in olivine phenocrysts in the Apollo 17 orange glass magma; and 2) the latestage, diffusion-limited kinetic degassing from melt droplets (e.g., Hauri et al., 2015b ; Fig. 4 ) . The oxidation observed in the highNi rims of metal blebs within the glasses, which occurred during the latter stage of degassing, is probably associated with the high Fe 3 + contents observed in the holohyaline beads in this study. Measurements of redox kinetics in silicate melts suggest a redox diffusivity ( D ) of 6 ×10 −11 m 2 /s for melts near the calculated erup- tion temperature of the lunar picritic glasses ( Magnien et al., 2004, 20 06, 20 08 ) . Although these experiments were not performed on lunar compositions, melt composition was not found to be a significant factor at higher temperatures; redox diffusivities varied significantly with composition at temperatures near the glass transition, but were found to be similar at high temperatures such as those predicted for the glass beads ( Magnien et al., 2008 ) . With values of D this high, complete oxidative equilibration of a melt droplet (diameter = 50-100 μm) during initial fire fountain eruption would be ∼0.3 s assuming spherical diffusion ( Fig. 5 ; Crank, 1980 ) . The lunar glass beads are suggested to have cooled at relatively slow rates of ∼1-100 °C/s based on textural and experimental work ( Arndt et al., 1984; Arndt and Engelhardt, 1987 ) suggesting that redox equilibrium would be easily attained. This could explain the high, homogeneous Fe 3 + / Fe values observed in A14148 and A15081. The low Fe 3 + / Fe values measured in A15427 and A74220 (holohyaline) as well as their apparent redox homogeneity suggest that these melts were likely not exposed to significant amounts of oxidation. These are the same samples studied by Saal et al., (2008) and Hauri et al., (2015a) in their pioneering studies of volatile contents of lunar glasses and modeled to have degassed 98% of their initial H 2 O. The distribution of volatiles in the lunar interior is unknown. However, it has been suggested that significant differences in pre-eruptive volatile contents are recorded in the lunar glass beads ( Hauri et al., 2015b ) . If so, the A15427 and A74220 glasses may have sourced from less volatile-rich regions resulting in less oxidation during eruption.
Alternatively, the presence of low Fe 3 + / Fe values and beads zoned in redox concentrations may result from a combination of post-eruptive oxidation followed by subsequent reduction in the lunar vacuum while still open to Fe 3 + /Fe 2 + exchange as the some of the remaining H (and S) were lost from the beads. First, the rapid diffusive loss of H or OH from the melt droplet post-eruption causes an oxidation front to propagate from the exterior of the bead to the interior. If quenched prior to attaining equilibrium, this would result in higher Fe 3 + / Fe values at the bead edge grading to lower Fe 3 + / Fe values in the interior where the oxidation front had not yet reached such as those measured in multiple beads in A10084 and A15427. If the zoned beads represent incomplete oxidation, the redox diffusive timescales calculated suggest that cooling below the closure temperature for iron exchange took place rapidly.
Reduction is subject to the same rapid redox kinetics as oxidation. Although redox kinetics slow dramatically near the glass transition temperature (log D = ∼1 ×10 −14 m 2 /s), changes in redox state still occur (e.g., Magnien et al., 2008 ) . Experiments and modeling suggest cooling rates for the lunar glass beads of 1-100 °C/s ( Arndt et al., 1984; Arndt and Engelhardt, 1987 ) ; the volatile diffusion models of Saal et al., (2008) suggest that glass bead cooling rates had to be low, slower than 5 °C/s. Therefore, if the initial melt temperature was 1450 °C and the cooling rate was 1 °C/s, the maximum time to quench (i.e., the time at which the melt crosses the glass transition temperature = 850 °C) would be 600 s (10 min). Using the lower D value predicted for temperatures near the glass transition results in a calculated redox equilibration time of 29 min for beads with diameters 50-100 μm ( Fig. 5 ) . Thus, it is evident that after the initial post-eruption oxidation event, the melt droplets may still have been subject to reduction either in the lunar vacuum or in the dissipating gas cloud that may have been fairly reducing due to the addition of H from the degassing melt. This process would result in a reduction front propagating from the bead exterior to the interior. If quenched prior to attaining equilibrium, this would give rise to zoned beads with lower Fe 3 + / Fe values at the bead edge grading to higher Fe 3 + / Fe values in the interior where the reduction front had not yet reached. Such zonation has been measured in multiple beads in A14148, A15081, and A76501.
Finally, the wide range of Fe 3 + / Fe values observed in glass pools in partially crystalline beads likely is the result of local crystallization conditions. The crystallization of olivine, which incorporates little Fe 3 + into its crystal structure under lunar conditions (e.g., Morris et al., 1998 ) , would drive up the Fe 3 + content of the near-field melt. However, if crystallization includes ilmenite, a mineral which can take appreciable Fe 3 + into its structure (e.g., Virgo et al., 1988 ) , then the effects on the surrounding melt will be to lower the Fe 3 + / Fe. Additionally, the crystallization of the nearby melt would facilitate additional degassing of H locally, helping to drive the associated melt to the observed higher Fe 3 + .
Conclusions
1. A new XAS calibration allows for in situ measurement of %Fe 3 + in silicate glasses with accuracy of ±3.6% (absolute). 2. Ferric iron was observed in all lunar picritic glass beads studied.
Values ranged from 1 to 60% Fe 3 + . Fe 3 + concentrations were not correlated with melt parameters such as Mg# or TiO 2 content, nor with physical properties such as bead diameter. Fe 3 + was negatively correlated with NBO/T due to the role of network former that Fe 3 + occupies in silicate melts. 3. Variations in Fe 3 + / Fe were observed within individual glass beads and included both increasing and decreasing Fe 3 + rimward. 4. Oxidation due to H loss from the degassing melt is modelled to occur from the rim inward. Redox diffusivity measurements suggest the time required for complete oxidative equilibration of a melt droplet (diameter = 50-100 μm) during initial fire fountain eruption would be ∼0.3 s. 5. The presence of low %Fe 3 + values and beads zoned in redox concentrations may result from a combination of post-eruptive oxidation followed by subsequent reduction either in the lunar vacuum or in the dissipating gas cloud that may have been fairly reducing due to the addition of H from the degassing melt. This would result in a reduction front propagating from the bead exterior to the interior.
